Abstract Toxic metals such as lead and chromium in aqueous solutions have been analyzed simultaneously by laser-induced breakdown spectroscopy (LIBS), in which the ordinary printing paper is used as a liquid absorber which was immerged into Pb(NO3)2 and Cr(NO3)3 aqueous solution to enrich the heavy metals. This method overcomes the drawbacks of splashing and low sensitivity in ordinary LIBS analysis of water, in which a laser beam is directly focused on a liquid surface. A good signal intensity and reproducibility has been demonstrated. The Pb 405.78 nm and Cr 427.48 nm spectral lines are used as the analytical lines. The variation of line intensity with immersion time was investigated. The calibration curve for quantitative measurement of Pb and Cr in water was established, and the detection limits are 0.033 mg/L and 0.026 mg/L respectively, which is about 2-3 orders of magnitude better than that in the ordinary LIBS analysis of heavy metal in solution.
Introduction
It is widely known that heavy metals have seriously detrimental effects on human health [1, 2] , such as brain damage [3−5] , cancer [6] , infertility [7] etc. Polluted water can be ingested directly into the human body [8] or ingested through vegetables irrigated by such polluted water [9] . Therefore, the development of a technique to monitor water that could be at risk of heavy metal contamination is very important, and the analysis of trace toxic metals in water is also desirable for drinking water quality control, analysis of industrial waste water and other environmental pollution monitoring.
In the last decade, a relatively simple technique, laser-induced breakdown spectroscopy (LIBS) has proved to be a versatile trace element analysis technique for any form of materials: solid, liquid, or gaseous samples [10−16] . In this technique, an intense laser pulse is used to ablate and vaporize a tiny portion of the sample, and create ionized plasma. When the plasma cools down, electron transfer occurs between different energy levels in atoms. Accordingly, each species in the plasma emits its characteristic spectral radiation. The spectral emission of plasma contains qualitative and quantitative information about the elemental composition in plasma. The direct analysis of liquid samples by the LIBS technique is implemented by focusing a laser pulse on the surface or the bulk of a static liquid. These experimental configurations have some inherent drawbacks such as splashing, surface ripples, quenching of emitted intensity, and a shorter plasma lifetime [17, 18] . Various experimental methodologies have been developed to eliminate these problems [19−30] . One of these methodologies is the use of a liquid-to-solid conversion technique, i.e. transferring the liquid sample into a solid sample. To date, different solid substrates have been successfully performed by some groups, such as bulk ice [19] , mixed with calcium hydroxide [20] , deposited on carbon planchet [21] , absorbed to solid absorbers such as wood slices [22] or filter paper [23−25] , or even by attracting ions onto membranes [26, 27] and electrode plates [28] .
To date, filter papers have been used as the substrates for both transforming aqueous solutions to solid samples and pre-concentrating dissolved heavy metal ions, and have successfully improved the limit of detection (LOD) of metal ions in solution in using LIBS technique. Recently, Pb(NO 3 ) 2 solution was transferred dropwise to the filter paper [23] , and the limit of detection of Pb in solution was found to be 3.87 mg/L. Sim-ilarly, using filter paper as an absorber, Alamelu et al. checked the LOD of Cd ions in solution [24] , and a value of 2.3 mg/L was obtained. Oil contaminated by Pb ion was also added dropwise to filter paper and detected by Pavel et al., the LOD was 3 mg/L [25] . However, since the filter paper is easy to melt in aqueous solution, only a limited amount of solutions can be added dropwise to the filter paper, it cannot be immerged into liquid to further enrich the analyte, so the LOD for metal ions in water using the filter paper as absorber is limited to a few mg/L.
In this study, LIBS is applied to measure the concentrations of two heavy metals in water, lead and copper, simultaneously. Instead of using filter papers as substrate as in previous articles [23−25] , ordinary papers which are easily available and normally used for printing documents in the lab served as the solid absorber to transform the liquid analysis to solid surface analysis. The experimental performance and analytical results are presented. The limits of detection (LOD) of Pb (0.033 mg/L) and Cr (0.026 mg/L) are obtained, which are about two to three orders of magnitude better than that in ordinary LIBS analysis of heavy metal in solution.
Experimental setup 2.1 Apparatus
Schematic diagram of the experimental apparatus is shown in Fig. 1 . Similar to that in Refs. [31] [32] [33] , an Nd: YAG laser (typically, 100 mJ per pulses at wavelength of 1064 nm), operating at a 1 Hz pulse repetition rate with a 10 ns pulse width is focused on the sample surface by a convex lens (50 mm focal length). The beam is incident onto the sample at a normal angle with respect to the surface. The emission from the laser plasma is collected by using a collimating lens at an angle of 45
• to the laser pulse. A bundle of 200 µm diameter, multimode sampling optical fibers with SMA connector is used to deliver the collecting light to an Avaspec-2048 fiber optic Spectrometer (Avantes), which can measure a broad continuous spectral range between 200 nm and 500 nm simultaneously at each laser shot. The detector is a gated CCD linear array having 2048 pixels, which can be externally trigged to start signal integration with an adjustable integrating time and achieve the required delay between plasma ignition and recording of the emission spectrum. The LIBS spectrum was collected over a time interval of 2 ms following a 1 µs delay after each laser shot to eliminate the plasma continuum effect and optimize the signal-to-noise ratio (S/N ). Software is used to read the data from the chip and build the spectrum. The delay time is controlled by a pulse delay/generator. A photo diode (PD) is used to convert a small amount of light of laser pulse to an electric pulse and trigger the pulse delay/generator. In the experiments, the sample paper is taped on a platform that can be moved horizontally in two dimensions, so that every laser shot hits on a fresh site. To decrease the effect of shot to shot fluctuation on line intensity, in the spectra acquisition, we average the data of 20 laser shots for each replicate measurement. This method significantly reduces the random fluctuations of emission intensity. Twenty such independent replicate analyses are carried out, and the mean of these replications is used in the construction of the calibration curve. The error bars for all the calibration values are 1σ (standard deviation) of the twenty independent analyses. All the experiments are carried out under the normal atmospheric environment with identical conditions in laser flux, repetition frequency, integration time and acquisition delay. 
Sample preparation
Commercially available analytical powder samples Pb(NO 3 ) 2 and Cr(NO 3 ) 3 purchased from a chemical company are used to prepare the aqueous solutions without further purification. Six types of aqueous solutions with concentrations of 0.5 mg/L, 1 mg/L, 2 mg/L, 5 mg/L, 10 mg/L, 20 mg/L respected to both analytes (Pb and Cr) are prepared using the deionized water as a solvent. The commercially available and non-contaminated ordinary printing paper is chosen as the absorbent substrate in this study. Each paper substrate is cut to a square of 30×30 mm 2 . The substrate is immerged into the aqueous solution to absorb, then is taken out and dried in an electric oven, and finally taped on the flat surface of the x-y translation platform for immediate analysis, and no further treatment was done on the sample paper before the experiment. Fig. 2(a) is the emission spectra in the range of 402-428 nm of the paper substrate after it was immerged into pure deionized water. While Fig. 2(b) is the emission spectra of the paper substrate in the same spectrum range as in Fig. 2(a) , after being immerged into the Pb(NO 3 ) 2 and Cr(NO 3 ) 3 solution mixture of 5 µg/L concentration for both Pb and Cr. The immersion time in both cases is 180 min. The spectral lines of Pb (405.78 nm), and Cr (425.44 nm, 427.48 nm) are not observed in the spectra of substrate immerged in pure deionized water, as shown in Fig. 2(a) , but they appear obviously with good signal intensity and well resolved in the spectra of the substrate immerged in the Pb(NO 3 ) 2 and Cr(NO 3 ) 3 solution mixture, as can be seen in Fig. 2(b) . These lines of Pb and Cr have high signal-to-noise ratio as well, and are selected for further quantitative analysis. Fig.2 (a) The emission spectra of paper immerged into pure deionized water, (b) The emission spectra of paper immerged into the Pb(NO3)2 and Cr(NO3)3 solution mixture, the concentration is 5 µg/L for both Pb and Cr
Results and discussion

Qualitative analysis
Reproducibility
The reproducibility was evaluated by carrying out replicate analysis from 20 immerged papers, and the intensities of the Pb I 405.78 nm and Cr I 427.48 nm emission lines were observed under the identical sample preparation and spectra acquisition process. This is an important step for estimating the feasibility of using a paper substrate as an absorber for metal element analysis in aqueous solution. Twenty replicate analyses of the twenty-shot averaged spectra yields a relative standard deviation (RSD) of approximately 5.4% for Pb I 405.78 nm line intensity, indicating a good reliability of the LIBS analysis. Fig. 3 shows the results of these measurements. Reproducibility for the Cr I 427.48 nm emission line intensity was also determined using the same procedure and the RSD was found to be 4.1%, a little lower than that for the Pb I 405.78 nm line. The results are shown in Fig. 3 as well. The results are shown in Fig. 4 and Fig. 5 . With the increase of the immersion time, an exponential increment of Cr I 427.48 nm line intensity is observed. When the paper absorber is immerged into the solution for more than 3 h, a saturation effect is observed, and the signal intensity increases only slightly. A similar phenomenon is observed as well in the Pb I 405.78 nm emission intensity, as shown in Fig. 5 . Fig.4 The variation of the Pb I 405.78 nm line intensity versus the immersion time of paper immerged into the aqueous solution mixture, the concentration is 5 µg/L for both Pb and Cr Fig.5 The variation of the Cr I 427.48 nm line intensity versus the immersion time of paper immerged into the aqueous solution mixture, the concentration is 5 µg/L for both Pb and Cr
Calibration curve and limit of detection
To obtain the calibration curve for Pb and Cr, six mixed solutions with concentrations of 0.5 mg/L, 1 mg/L, 2 mg/L, 5 mg/L, 10 mg/L, 20 mg/L respected to both analytes (Pb and Cr) were prepared, and the LIBS spectrum of each sample solution was recorded. The variation of the line (Pb I 405.78 nm and Cr I 427.48 nm) intensities with different concentrations of Pb and Cr in aqueous solutions are shown in Fig. 6 and Fig. 7 , respectively. The intensity of the Pb I line is linearly dependent on the concentration. The calibration curve for Pb was then obtained by fitting the experimental data points with reasonable regression coefficient of 0.987. Saturation effect was observed for Cr at high concentration and the experimental data points were fitted to a nonlinear calibration curve, as shown in Fig. 7 . In addition, a linear calibration curve for Cr can also be obtained by fitting the experimental data under low concentration with a regression coefficient of 0.994, as shown in Fig. 8 . The fitting curve for Cr in Fig. 7 deviates from linearity at high concentration due to selfabsorption, this effect was observed by other researchers when the concentration of the analyte was high enough in the samples [34, 35] . In fact, if the concentration of Pb increases to a higher value, the saturation effect will show up as well. This effect is much more pronounced for Cr than for Pb, and thus the saturation effect does not show up in Fig. 6 for concentration of Pb lower than 20 mg/L Fig.8 Calibration curve of Cr at lower concentration
The limit of detection (LOD) is defined as the lowest concentration that can be detected and the value can be evaluated by 3σ/s, where σ and s are the standard deviation of the background and the slope of the calibration line, respectively. Here, the σ was determined from twenty measurements of background signals under the same experimental conditions, where the sample was a paper substrate immerged into pure deionized water. The limits of detection for Pb and Cr are calculated to be 0.033 mg/L and 0.0263 mg/L, respectively. The results are about 2-3 orders better than that obtained by directly focusing the laser beam on a liquid surface or using Ca(OH) 2 substrates [19, 20] .
Conclusion
Laser-induced breakdown spectroscopy (LIBS) has been applied to the analysis of toxic metals, lead and chromium, in Pb(NO 3 ) 2 and Cr(NO 3 ) 3 aqueous solutions. In order to improve the sensitivity, a paper substrate is used as the liquid absorber to transfer a liquid sample into a solid sample. The sample preparation, data acquisition and processing have been described in detail. The effect of the immersion time in which the paper substrate was immerged into the solution on the spectrum line intensity is investigated. The reproducibility of the line intensity has been evaluated, which gives a reasonable value of ∼ 4% in terms of relativity standard deviation. 
